A new approach for semiconductor ultrashallow depth profiling is presented. In this technique, the compositional and structural properties in the near-surface region of a silicon sample were measured by Rutherford backscattering spectroscopy, and the chemical and electrical properties by x-ray photoelectron spectroscopy (XPS). The measurements were repeated after the removal of a few atomic layers of silicon via ozone oxidation followed by a hydrotluoric acid etch of the oxide. The depth distributions of composition and surface potential were then determined. The etch-depth per cycle of this treatment was estimated by measuring the oxide thickness formed in each ozone oxidation with XPS, and was calibrated to be 0.5 nm of silicon per cycle by applying the technique to a Si/Ge/Si sample with a known silicon overlayer thickness. This profiling technique, therefore, provides a depth resolution of better than 0.5 nm. The applicability of the technique is demonstrated by showing the compositional profiling results on a p-Si ( 100) sample treated with reactive ion etching, and the surface potential profiling data on an n-Si (100) sample bombarded by 1 keV Ar +.
In the fabrication of advanced very large scale integrated circuits, the demand of scaling down the device dimensions is inevitable. ' Characterizing material properties becomes complex, however, since great uncertainties exist in measuring accurately the compositional, structural, and electrical properties on a nanometer scale." Although techniques like secondary ion mass spectrometry, x-ray photoelectron spectroscopy (XPS), and Auger electron spectroscopy are already available for providing nearsurface analysis, i.e., sampling less than a few atomic layers, the determination of a depth profile often requires ion sputtering, which is known to induce recoil mixing and defect formation. Similarly, although potential distributions in depth can be measured with conventional techniques such as capacitance-voltage and spreadingresistance analyses, such measurements are not quite applicable to the region within a few nanometers of a semiconductor surface.
In this letter, we present a new approach to silicon sectioning which when coupled to analytical methods such as Rutherford backscattering (RBS) and XPS, can be used to measure the compositional, structural, and electrical properties in the nanometer subsurface region of silicon. The approach uses ultraviolet (UV) ozone oxidation combined with hydrofluoric (HF) acid etching to remove a 0.5 nm layer of silicon at each step. Depth profiling is obtained by interposing RBS and XPS at each removal step. Two examples are given of the applications of this technique, one applied to the analysis of a p-type Si( 100) surface after reactive ion etching (RIE) and the other to an n-Si( 100) surface following 1 keV Ar+ ion bombardment.
The method presented rests on the premises that a *)Present address: Department of Physics, The Fkiders University, Australia 500 1.
reproducible thickness of oxide is produced by the UV/ ozone treatment and that the SiO,-Si interface is abrupt3 HF etching is effective in removing oxides but not silicon, and the UV irradiation will not introduce any structural defects into the material, which makes it possible to measure the structural properties within such scales without perturbing the original structures. An advantage of this approach is that after HF removal of the oxidized layer, the semiconductor surface is terminated by hydrogen, which suppresses further oxidation during subsequent air exposure.@j Although removal of the oxidized layer using HF may introduce hydrogen related defects, such defects are not expected to modify the near surface damage structure since they can be annealed out at a moderate temperature.5-7 In fact, the generation of flat band surfaces on both n-and p-Si has been demonstrated with HF passivation.5'6 UV ozone oxidation was performed as follows. Pure oxygen gas passing through a bath of deionized water was introduced into a stainless steel reaction chamber. Before the ozone oxidation, the chamber was purged with oxygen for 5 min. The ozone oxidation was initiated by using a low-pressure UV lamp with a power of 75 W. Each oxidation step lasted 20 min and the oxygen pressure was 1 atm.
The thickness of the oxides, tsio, , was calculated from the measured photoelectron intensity of oxide, Isioa, and silicon signal, Isi, in the Si 2p spectrum ( sity of silicon in silicon (5 X 10Z2/cm3) and silicon dioxide (2.2~ 1022/cm3); and 8 is the polar angle (55") used for the analysis. The spectrum was collected on a Surface Science Instrument SSX-100 spectrometer with an x-ray spot size of 600 pm and a pass energy of 50 eV. By assuming that the IMFP of the Si 2p photoelectrons in silicon and silicon dioxide are both 2.5 nm (Ref. 8), we obtained an average oxide thickness of 0.7hO.2 nm, which is equivalent to an average silicon etch depth of 0.3 =l=O. 1 nm. In the depth profiling procedure, the oxide layer was then etched ofI with a 5% HF solution for 60 s and subsequently rinsed with de-ionized water for 1 min.
To calibrate the etch depth, we have applied the profiling technique to a Si/Ge/Si superlattice grown by molecular beam epitaxy. The thickness of the Si cap and the Ge marker layer was 4 and 0.5 nm, respectively, as determined by the well-calibrated growth parameters. To determine the consumption of silicon in each oxidation/etch cycle, we measured the amount of SiO, (and GeO,) by XPS before etching and converted it to the equivalent thickness of the oxide with Eq. ( 1). The results are summarized in Fig. 2 , which indicate that GeOz was not formed prior to the eighth cycle (photoemission due to -E 1.5 - elemental Ge was, however, observed before the eighth cycle because the present XPS analysis sampled over 3 nm in depth). The results in Fig. 2 show that the thickness of the oxide grown in each cycle was reproducible and that the 4 nm Si cap layer was removed by 8 etch cycles. The results thus show an etch depth of 0.5 nm per cycle. Such calibration results also show that the above XPS thickness calculations underestimated the etch depth significantly, which is likely due to the assumed IMFPs being too small. The assumptions are reached using the universal Bethe function parametrized by Tanuma et aI.* The individual IMFPs used in this parametrization procedure for Si 2p photoelectrons of silicon and silicon dioxide (with Al KCZ) are actually 3.1 and 3.7 nm, respectively. If these IMFPs are used instead of 2.5 nm, the etch depth with direct XPS thickness calculations will increase to 0.4&O. 1 nm.
To demonstrate the applicability of the proposed technique, we show the results of the analysis of residual damage in the near surface of a p-type Si( 100) sample previously exposed to a CFd/02 plasma. Details of the sample preparation and damage characterization will be published elsewhere.' Briefly, a CFdO, plasma was used to etch 20 nm silicon oxide on p-Si( 100) under the RIE mode with a substrate bias at about 500 V. XPS analysis of the etched sample confirmed the oxide removal but shows the formation of silicon carbide and fluorides as well as a fluorocarbon overlayer. These surface contaminants were also observed by RBS (using the 1.7 MV Tandetron accelerator at the University of Western Ontario with 1 MeV 4He + and a scattering angle of 1 lo"). The fluorocarbon overlayer was estimated to be about 5 nm by XPS and was efficiently removed by a 20 min UV/ozone exposure. Subsequent to the fluorocarbon over-layer removal, RBS and the oxidation/etch cycle was applied for measuring the depth distribution of residual carbon and fluorine in the nearsurface region of the silicon sample. The remaining carbon and fluorine after each etch cycle were then used to calculate their depth distributions. The depth profile of fluorine is shown in Fig. 3(a) . Like the fluorine distribution, the carbon depth profile also showed impurity incorporation only in the top 3 nm of the silicon surface. In addition to the detection of impurities, RBS/channeling also measures the area1 density of displaced silicon atoms," ND. More specifically, the change in the surface peak intensity (referencing to that from a virgin silicon crystal) after each oxidation/etch cycle allows the calculation of No vs depth. Such a depth profile is shown in Fig. 3 (b) . Again, the defect concentration dropped down very rapidly in the first 2 nm.
Since the HF treatment could effectively suppress surface states in the band gap of silicon5'6 and our XPS measurements showed that the thickness of the oxide film grown by UV radiation on damaged surface was the same as that on the undamaged one, measuring the surface potential with XPS after each etch cycle can also provide further information on the electrical properties of the nanometer region of a silicon surface. For example, it is known that Ar' bombardment induces structural damage'* in the near-surface region of silicon and moves the surface Fermi level towards midgap for both . In this study, we bombarded an n-Si [(electron) = 1 x 10i7/cm3] with Ar+ at 1 keV at room temperature with a fluence of 1 X 10'6/cm2. XPS surface potential measurements were then applied to the bombarded sample through ,a series of oxidation/etch cycles. In these measurements, the surface Fermi level position of a silicon sample referencing to the valence band maximum is equal to the Si 2p3,2 binding energy of the sample minus 98.7 eV, which is the calibrated Si Z!P~,~ binding energy of silicon when the surface Fermi level is right at the valence band maximum (see, e.g., Refs. 5, 6). The results are summarized in Fig. 4 , which show that after the removal of the top 2.5 nm, the surface Fermi level returned back to the bulk value. This is a little surprising because it has been shown by Al-Bayati et aZ. ' O that even at 510 eV, bombardment with 1 x lOI Arf/cm2 at room temperature gives a disorder depth distribution with a full width at halfmaximum of 4.7 nm. In addition, TRIM" calculations also predict a damage depth of about 4.5 nm at 1 keV. One speculation is that hydrogen passivation of some of the electrically active end-of-range defects, an artifact introduced by the HF treatment, may have occurred. In addition, the conversion of the "raw" surface potential profiling data in Fig. 4 to the actual potential depth distribution in the semiconductor prior to any oxidation and etching also requires some mathematical modeling. 
